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Introduction
Light pollution is a widespread phenomenon whose consequences can be detected at places located hundreds of kilometers away from the light polluting sources [1] [2] [3] [4] . A significant effort has been devoted in the last years to develop and validate quantitative models of the anthropogenic light propagation through the atmosphere [5] [6] [7] [8] [9] [10] . Light pollution has been recognized as a relevant environmental stressor, and a large variety of ecological effects of artificial light at night have been reported in recent works [see, e.g. [11] [12] [13] [14] [15] [16] [17] .
Although most research in this field has traditionally addressed the unwanted effects of artificial light inland, there is a growing interest in the study of light pollution in coastal regions, due to both the relevance of the marine areas for the preservation of biodiversity, and the opportunity they present for validating or otherwise contradicting physical models of atmospheric propagation with relatively simple source distributions.
Coastal regions are zones of interaction of sea and land processes, and home to a high number of species. Due to the high population density along the shoreline, this strategic region for biodversity is under strong pressure from anthropogenic polluting agents, including artificial light at night [18] [19] [20] . Although we are still far from having a complete picture of the complex effects induced by artificial light in the marine environment, several relevant impacts have been reported and are well documented.
They include changes in the zooplankton diel vertical migration, bird collisions with ships, intensified visual predation and foraging in illuminated shorelines, sessile larvae settlement disruption, desynchronization of reproductive behaviour, nesting site displacement, and streetlight-induced disorientation in seaward or long-range migration of several species [18, 21] . In areas close to the light emitting sources the situation under overcast skies is aggravated, since the cloud cover acts as a powerful skyglow amplifier, due to the direct reflections of the light in the base of the clouds [4, [22] [23] [24] [25] . Impacts to the ecosystem can be caused by very low light levels, even smaller than full-moon illuminance (that is, values below 0.26 lx [26] ). Such low levels can be detected tens of kilometers away from big cities [27] .
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On the other hand, the marine environment provides a relatively simple stage for checking the performance of light pollution propagation models. If the sea region under study is relatively free from local light sources (offshore platforms, anchored vessels, heavy marine traffic or working fishing vessels), the zenithal sky brightness for constant atmospheric conditions is determined by the distribution of inland lights, and its dependence on the distance to the shoreline can be experimentally studied with relative ease. Furthermore, there are no screening factors that could complicate the analysis as those commonly found inland, as e.g. light blocking by obstacles like trees, buildings, or local topographic features.
In a recent study, Jechow et al [28] reported the use of fisheye DSLR cameras for characterizing the all-sky brightness about one mile offshore in the Gulf of Aqaba, near Eliat, Israel. Spatially-resolved measurements of the anthropogenic light propagation through the water column, up to 30 meters in depth, have been carried out in the same waters by Tamir et al [29] . Quantitative comparisons of atmospheric propagation models in island settings have been previously reported by Aubé and Kocifaj [30] .
Observational studies of the spatial distribution of the zenithal night sky brightness inland have been carried out in recent years, among others, by Biggs et al [31] , Pun and So [32] , Espey and McCauley [33] , Sánchez de Miguel [34] , and Zamorano et al [35] .
We describe in this work a design concept of a zenithal sky brightness measurement platform specifically devised for use on ships, under a wide range of navigation conditions, and present the results of two measurement runs from near the Barcelona shoreline, travelling up to 9 and 31.7 km into the Mediterranean, respectively. The measured brightness can be compared with the predictions of The new world atlas of artificial night sky brightness of Falchi et al [2] , henceforth referred to as the NWA. A reasonably good overall agreement is found for comparable atmospheric conditions, as those prevailing in the first route. The second route was carried out under an air column with smaller aerosol content, and the qualitative behaviour of the artificial sky glow with distance follows the expected trends, that is, a reduction of the anthropogenic sky glow at short distances from the sources, and a slower decay rate of brightness with distance, giving rise to a relative excess of
brightness at large distances from the coastline, in comparison with the NWA predictions.
Materials and Methods

A. Light sensor
Zenithal night sky brightness measurements were made with a SQM-LU-DL light meter from Unihedron (Ontario, Canada). This low-cost device is based on a TSL237 highsensitivity irradiance-to-frequency converter, with temperature correction (TAOS, USA). A concentrator optic restricts the device field of view to a region of the sky with approximately Gaussian transmittance profile with a full-width at half maximum of 20° [36] . A Hoya CM-50 filter limits the spectral band to 400-650 nm (effective passband of the whole setup at 50% of the maximum sensitivity) [36] [37] . The brightness within a given photometric band is usually expressed in the negative logarithmic scale of magnitudes per square arcsecond (mag/arcsec 2 ), a non SI unit for the integrated spectral radiance, scaled and weighted by the spectral sensitivity of the detector [4] .
Due to the particular spectral sensitivity of the SQM device, the conversion between the SQM magnitudes and the corresponding mag/arcsec 2 in standard photometric bands, like those defined by the Johnson-Cousins B, R or V filters [38] , or the CIE photopic visual spectral efficiency function V() [39] , turns out to be spectrumdependent, and in the absence of a priori information it can be done only in an approximate way. To avoid confusion, we will henceforth denote by mag SQM /arcsec 
Note that dividing this luminance by the overall luminous efficacy factor 683 lm/W we get the corresponding radiance (in Wm 2 sr 1 ) present at the output of the V-filter [4, 39] .
B. Gimbal mount
In order to keep the device pointing to the zenith under actual navigation conditions it is necessary to compensate for the pitch and roll rotations of the ship around its principal axes. The magnitude of these rotations is dependent on the ship geometry and dynamics, and on the local weather and wave slope conditions. In order to preserve the vertical alignment of the sensor, a dedicated two-axis gimbal (Cardan) mount was specifically designed for this project (Fig. 1) . The enclosure was designed to withstand maximum ship transverse inclinations (roll) of ±50°, and longitudinal ones (pitch) of ±25°. The SQM housing is a freely oscillating system, and its ability to preserve the vertical orientation is optimized when the sea-wave frequency, as seen from the ship reference frame, is far from the resonant frequency of the mechanical set up (a few Hz). The prototype actually built and used in the measurement routes had some minor differences with the one originally designed. The outer casing was of slightly smaller dimensions, and the effective working ranges were ±40° (roll) and ±30° (pitch). The SQM housing cylinder was supplied by the manufacturer, and properly compensated to keep balanced the center of mass.
Although this gimbal mount can withstand significant vessel inclinations, the night sky brightness measurements were taken in optimum sea conditions: without swell, navigation at proper and constant speed for the characteristics of the ship and weather conditions, only propelled by a four-stroke gasoline outboard engine. The objectives were to guarantee the vertical pointing of the SQM, and the soft testing of the device.
C. Sea routes
Two measurement routes were followed in the nights of 2 to 3 July, and 7 to 8 August 2016, respectively, the first one starting from the harbor of Barcelona, north entrance, travelling perpendicularly to the coast for a distance of 9 km, and the second one were acquired by a GPS at a rate of 1 per second, and stored in the computer. The distance to the starting point was determined using the well-known haversine formula [41] . The main parameters of the routes, and the sky and sea conditions of each journey, are summarized in Table 1 (see section 3 ). Another possibility, albeit only coarsely approximate, is to subtract from the measured values a standard constant offset, based e.g. on the expected brightness of the natural moonless sky away from the Milky Way, zodiacal light and bright pointlike sources, reported to be of order 0.174 mcd/m 2 , equivalent to about 22.0 mag V /arcsec 2 [2] , or some sensible correction of this figure depending on the detailed sky conditions. A third option, the one we used in this work, is to estimate the natural sky brightness present in our measurements by using the zenithal brightness data acquired with the same kind of sensor in a pristine dark place, located not too far from the boat position, during the same or nearby nights, and under comparable atmospheric conditions.
To that end we resorted to the measurements recorded by the SQM-LE sensor run by the Servei Català per la Prevenció de la Contaminació Acústica i Lumínica de la 
, where r(t) is the position of the ship at time t, and t' is the time at which the objects located at t in the zenith of the ship reach the zenith at the dark site, that is, the time t corrected for the difference of longitudes (and, possibly, of measurement dates) between this site and the ship.
The NWA calculations were based on the upward artificial light emissions measured by the VIIRS-DNB sensor on board the Suomi-NPP polar-orbiting satellite, and were calibrated using SQM readings recorded by observers distributed throughout
the globe, including a relevant data set from the Montsec area [2] . The VIIRS-DNB 
t times, following the same procedure described above, and subtracted from the raw values. As expected, the natural component of the night sky at the Barcelona metropolitan area is fairly negligible in comparison with the artificial one.
The resulting data can be directly used to assess the relative changes over time of the artificial component of the sky brightness at the ship position. We transformed the urban data, originally given in mag SQM /arcsec 2 , into equivalent luminances   t L urban using Eq. (1). The same remark made above about the differences between the SQM and V photometric bands applies, as well as the caution needed to interpret the results in terms of SI cd/m 2 . The measurement times of this sensor were not adjusted for the differences of longitudes between this urban site and the ship locations, since the urban light emissions are mainly dependent on the standard time (CEST=UTC+2) and not on the times at which some celestial regions may reach the local zenith.
The artificial night sky brightness at each point r of the measurement route,
artif r , normalized to the urban emissions at t 0 =01:30 UTC, was then estimated as:
where t'' 0 is the time t 0 corrected for the difference of longitudes between Barcelona and the OAdM. Barcelona SQM readings were also calibrated according to their corresponding XCL protocols. The time dependence of the SQM brightness at these three sites during the two measurement routes is displayed in Fig. 3 . Both the SQMshp and the SQMxcl data of the ship sensor are shown. Note that the data of the Barcelona urban site were unavailable for the night of route 1, and data taken one day later were used instead.
Experimental results
All sensors provided reliable data in real time for route 2. route it passed directly overhead, giving rise to the broad dip in magnitudes in Fig. 3 with the minimum (equivalently, maximum luminance in Fig. 4 ) occurring at about 00:45 CEST. 
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The boat measurements were corrected for the natural background and the changing urban emissions using Eq. (2). Figure 5 shows the results of these corrections. 
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The dependence of the artificial sky brightness   r artif L on the distance to the coast, as deduced from our measurements and the NWA predictions, is shown in Fig. 6 and 7, in luminance (mcd/m 2 ) and mag/arcsec 2 units, respectively. Fig. 8 and 9 display the scatter plots of both measurement datasets. The NWA plots show a staircase structure, due to the fact that the NWA spatial resolution is coarser than the one of the sea measurements: the combination of the ship speed and the SQM measurement rate resulted in several measurements being taken within each NWA pixel. Table 2 shows the residual differences between the measured and the predicted values of the artificial sky brightness. The rms difference in mag/arcsec 2 of the raw measurements is below 0.1 for route 1, and lies within 0.3 mag/arcsec 2 for route 2.
Once calibrated to the XCL reference, these differences increase to 0.34 and 0.68 mag/arcsec 2 , respectively. 
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Discussion
The SQMshp measurements obtained in route 1 (Figs. 6-7 , top) show a remarkable degree of coincidence with the predictions of the NWA [2, 42] . These predictions were computed using the method of Cinzano et al [47] , assuming a standard clear US62
atmosphere, and an aerosol clarity parameter K=1 [5] . on the artificial skyglow is described in Figure 3 of Ref. [5] . If the aerosol content is smaller, the artificial skyglow decreases close to the sources, because the scattering efficiency is correspondingly smaller, but tends to increase at longer distances, since the higher transmittance of the atmosphere gives rise to higher incident radiances that finally overcome the smaller scattering rate. This general prediction of the numerical models is qualitatively supported by our experimental data. Note however that no further quantitative statements can be made in the absence of NWA numerical predictions corresponding to these particular atmospheric conditions, and that the aerosol optical depths measured at the Barcelona AERONET station are not necessarily representative of the aerosol content distribution in the whole region of the (1) is only approximate, because any accurate conversion depends on the detailed spectral composition of the light scattered downwards from the zenith [49] . Besides, the SQM band (the one used in our measurements, and in the overall calibration of the NWA), the Johnson-Cousins V (used in the computation of the NWA), the VIIRS-DNB band (providing the artificial light emissions data for the NWA predictions) and the visual CIE V() (that establishes the luminance scale) are not photometrically equivalent [34, [49] [50] .
The relative blue insensitivity of the VIIRS-DNB radiometer is a relevant issue that shall be kept in mind when performing these comparisons. The SQM detector is fairly sensitive to the blue region of the optical spectrum, and this could lead the NWA to underestimate the SQM measurements in areas where there is a noticeable amount of high CCT LED emissions. Besides, the differences between the VIIRS-DNB and the SQM spectral bands could lead to different brightness estimations even if the sources' emissions were fully comprised in each passband. There are, however, two factors that, in our opinion, may partially attenuate this potentially disturbing bias. On the one hand, the Barcelona streetlight census is still strongly based on High Pressure Sodium vapor sources (HPS): as of 2014, according to recently published data provided by the municipality, 75% of Barcelona streetlights were HPS versus 5% LED (the remaining ones being metal halides, a residual number of Hg vapor lamps, and others), while for the year 2020 the forecast is that HPS will still represent a noticeable share of 65%, with LED increasing up to the 20% of the total. It can be guessed that LED streetlights were less than the 10% of the total number of sources at the time our maritime routes were made in the summer of 2016. Since LED luminaires generally provide a better control of the angular distribution of the emitted light, it can be expected that their contribution to the artificial sky brightness was, at the time of our measurements, probably below the 10% level. On the other hand, the NWA calibration was made using -among other inputs-a huge database of SQM measurements made by professional and citizen scientists distributed throughout the world, a significant fraction of which were taken precisely in Catalonia. Since the calibration was based on getting the best fit of the overall NWA predictions to the SQM measured values, it can expected that the systematic bias between both datasets be reasonably small (see Fig. 18 of [2] , error histogram for Catalonia).
The calibration of the NWA, which also resorted to photometric data from the US National Park Service acquired in dark locations, seems to suggest that the brightness recorded by the SQM (in linear units) for very dark sites is about 1.15 times the corresponding SI luminance [2] . If we apply this factor to our measurements, the coincidence between the measured and predicted brighnesses worsens for route 1 because it translates into an additional 0.15 mag V /arcsec 2 offset, without providing any significant improvement for route 2. This offset does not modify the slope of the
skyglow versus distance relationship of route 1 in mag/arcsec 2 units, which still coincides with the NWA predictions (Fig. 7, top) . Note also that, according to manufacturer's specifications, the SQM inter-detector reproducibility is of order ±0.1 mag SQM /arcsec 2 , introducing an additional degree of uncertainty beyond which absolute radiometric comparisons may be difficult.
More research is needed, including instrument development for multispectral radiance sensing from low Earth orbit satellites, in order to elaborate quantitative predictions and collect field measurements in fully compatible spectral bands.
Determining the natural night sky brightness at the sea, a few tens of km away from a highly illuminated coast is a difficult challenge. In our case, the ideal and direct The zenithal sky brightness sensors used at the sea have to compensate for the variable inclinations of the ship due to the prevailing atmospheric and swell conditions. This problem was addressed in our case by using a passive mechanical gimbal mount that allows significant attenuation of the ship movements. If the SQM versus time plot (blue line in Fig. 3 ) is fitted by a low degree polynomial and this overal trend is subtracted from the data, the residual random fluctuations amount to just 0.01-0.02 mag SQM /arcsec 2 , showing a remarkable stability of the measurements. Our proof-ofconcept Cardan design was driven by the requirements of simplicity and low cost.
Note, however, that several models of electronic Cardan mounts for professional and amateur use are available on the market at reasonable prices, and could represent an interesting and practical improvement over our purely passive system. A well-known application is their use for digital sports cameras.
A C C E P T E D M
A N U S C R I P T 27
Conclusions
We have developed a low-cost device which is, to the best of our knowledge, the first operational system for acquiring zenithal night sky brightness measurements in the sea under actual navigation conditions. The system is based on a SQM detector mounted on a passive mechanical gimbal, and its performance has been satisfactorily tested in two routes starting from the Barcelona metropolitan area, travelling 9 and 31. comments by two anonymous reviewers were instrumental to improve this work. Any remaining error or omission is of course the sole responsibility of the authors. We express our warmest thanks to Prof. Jordi Torra for his contribution to the initial discussion of the concept of measuring in the sea.
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